Abstract:Esterification of organic acids with alcohols under mild conditions in high yields using graphite oxide, a readily available and inexpensive material, as an effective reagent is described.
Introduction
Esters are a class of compounds widely distributed in nature. Esters encompass a large family of organic compounds with broad applications in medicine, biology, chemistry, and industry as plasticizers, solvents, perfumes, and flavor chemicals and also as precursors for a gamut of pharmaceuticals, agrochemicals, and other fine chemicals. Esterification of alcohols by carboxylic acids using homogeneous acid catalysts is very well known. 2 However, the use of homogeneous acid catalysts for esterification like sulfuric acid and p -toluenesulphonic acid suffers from several drawbacks such as the occurrence of side reactions, corrosion of the equipment, and the need to deal with acidic wastes. 3 The use of solid catalysts for chemical transformations has received increasing attention, 4, 5 and has the advantages of being easy to recover and reuse, as well as being compatible with environmental considerations.
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Several authors have reported the utilization of solid acid porous materials such as zeolites, 20 Heteropoly acids (HPAs) supported on acid activated bentonite matrix (AT-GMB) act as stable solid acid catalysts for esterification of acetic acid with n -, sec-, and tert-butanol to produce their corresponding esters. 21 More recently, Minakawa and co-workers have reported on the direct dehydrative esterification of alcohols and carboxylic acids with a macroporous polymeric acid catalyst at 50-80 • C after 12 h. 22 Although most of the solid acid catalysts offer distinct advantages over conventional methods in terms of product separation and recycling, they suffer from certain drawbacks such as high cost, long reaction times, poor selectivity, and lower yields of the desired products.
Graphite oxide (GO) has attracted much interest as a possible route for the large-scale production 
Results and discussion
We previously reported that GO could be applied as an efficient oxidizing agent for the oxidative aromatization of Hantzsch derivatives. 40 More recently, we have shown the high performance of GO for oxidation of various alcohols into their corresponding aldehyde or ketone compounds under ultrasonic irradiation. 41 In continuation of our investigation, herein we discuss the potential use of GO as a highly efficient reagent for the esterification of different carboxylic acids with various alcohols under mild conditions (Scheme).
Scheme. Esterification reaction of different carboxylic acids with various alcohols.
The GO utilized in this work was prepared according to a modified Hummers' method.
41−44
The synthesized GO was characterized using UV/Vis spectroscopy, powder XRD, and FT-IR spectroscopy.
24,41
At an earlier stage of our work, the reaction of acetic acid (5 mmol), hexanol (5 mmol), and GO under different experimental conditions was examined with the aim to obtain the maximum yield of product. The results are presented in Table 1 .
As indicated in Table 1 , when the esterification of acetic acid with 1-hexanol was performed in absence of GO, the reaction was very slow and gave only 6% of the corresponding ester after 2 h at 90
• C (Entry 1, Table 1 ). It should be noted that hexyl acetate was obtained in only 25% yield when the reaction of acetic acid, 1-hexanol, and 5 mg of GO was carried out at 50 • C (Entry 2, Table 1 ). Increasing the amount of GO to 50 mg and the temperature to 90
• C led to a significant increase in the yield of the corresponding ester to 93% (Entry 3, Table 1 ). However, it seems that 5 mg of GO was sufficient for this reaction as hexyl acetate was obtained in 81% yield after 2 h at 90 • C (Entry 4, Table 1 ).
In a similar fashion, various acids such as acetic acid, propionic acid, and butyric acid reacted smoothly with primary and secondary aliphatic alcohols (1-hexanol, 1-pentanol, 1-decanol, 1-butanol, 2-pentanol, and cyclohexanol) or benzyl alcohol in the presence of GO at 90
• C to afford the corresponding ester derivatives (Table 1) . Under these experimental conditions, the reaction of 5 mmol of acetic acid with 5 mmol of 1-pentanol in the presence of 5 mg of GO gave pentyl acetate in 80% yield (Entry 5, Table 1 ). Similarly, the reaction of acetic acid with 1-decanol or benzyl alcohol afforded decyl or benzyl acetate in 85% and 80% yield, respectively (Entries 6 and 7, Table 1 ). High yields were also obtained for the esterification of propionic acid with 1-hexanol or 1-butanol: 80% and 92% yield, respectively (Entries 8 and 9, Table 1 ). In a similar fashion, hexyl butyrate, butyl butyrate, and benzyl butyrate were synthesized in 80% yield under otherwise similar experimental conditions (Entries 10-12, Table 1 ). In the case of secondary alcohols such as 2-pentanol, the yield of esterification was low when the reaction was performed under conditions similar to those for primary alcohols. An increase in the GO amount (from 5 mg to 10 mg) was required to achieve good yields (Entries 13 and 14, (a)The products in these reactions were analyzed by gas chromatography (Varian CP-3800) with a flame ionization detector (FID), and n -hexane was used as an internal standard. (b) For 5 mmol of acid 10 mmol of alcohol was used.
and 75% yield using 10 mg of GO as reagent after 3 h, 6 h, and 6 h, respectively (Entries 14, 17, and 19, Table 1 ).
Finally, we investigated the esterification reaction of aromatic acids such as benzoic and 4-nitrobenzoic acid with 1-hexanol or 1-pentanol. When the esterification of benzoic acid with 1-hexanol was performed in the absence of GO, the reaction was very slow and gave only 6% of the corresponding ester after 24 h at 90
• C (Entries 20 and 21, Table 1 ). Addition of 10 mg of GO to the reaction mixture led to the successful formation of hexyl benzoate in 73% yield after 24 h (Entry 23, Table 1 ). Similarly, the reaction of benzoic acid with 1-pentanol, and 4-nitrobenzoic acid with 1-hexanol or 1-heptanol gave the corresponding esters: pentyl benzoate, hexyl 4-nitrobenzoate, and pentyl 4-nitrobenzoate in 70%, 89%, and 86% yield after 24 h, respectively (Entries 24-26, Table 1 ). However, it should be noted that the esterification of aromatic acids needed a long reaction time and the yields were moderate.
Next, we examined the reusability of the GO for the esterification of acetic acid with 1-hexanol. After completion of the reaction, GO was removed by filtration. The GO was dried and reutilized for 3 consecutive esterification reactions. The results in Table 2 indicate a loss of activity of the recycled GO after each reaction. Hexyl acetate was obtained in 81%, 39%, and 14% yield after the 1st, 2nd, and 3rd run, respectively (Table 2) . 
Conclusion
The esterification reaction in the presence of a solid acid, GO, in a solvent-free system proved to be highly efficient on the investigated substrates. The esterification of aliphatic and aromatic acids with aliphatic and aromatic alcohols afforded the corresponding esters in the presence of GO. This method has several advantages as the reaction occurs in solvent-free conditions, and takes place in short reaction times and mild conditions. The yield was good for esterification of aliphatic acids with primary alcohol compounds. However, an increase in the amount of GO for secondary acyclic and cyclic alcohols was required to obtain comparable yields. The esterification of aromatic acids required a long reaction time and the yields were moderate. Furthermore, GO is a cost effective material that may be easily removed from the reaction mixture by simple filtration.
Experimental

General remarks
All compounds were obtained from Merck and used without further purification. GC/MS analysis was performed on a FISON GC 8000 series TRIO 1000 gas chromatograph equipped with a capillary column CP Sil.5 CB, 60 m × 0.25 mm ID. 1 H NMR spectra were recorded on a Bruker 80 spectrometer using TMS as internal standard.
Preparation of GO
Eight grams of graphite was added to a mixture of 14 mL of sulfuric acid (98%), 4 g of potassium persulfate, and 4 g of phosphorus pentoxide with stirring. The mixture was kept at 80 • C for 6 h. The resulting product was washed with water and dried. CAUTION: 8 g of preoxidized product was added to 180 mL of sulfuric acid (98%), followed by the slow addition of 24 g of potassium permanganate with the temperature maintained below 20
• C in order to avoid overheating and explosion. The temperature was increased to 35 • C and maintained for 2 h. Next 400 mL of water was added over 15 min. A further 1.1 L of water was added to dilute the solution, and 20 mL of hydrogen peroxide (30%) was added to the solution to quench the excess potassium permanganate. A brown solution was obtained and was washed with a 2-L solution of 1:10 hydrogen chloride (37%):water in order to remove metal ions and finally washed with 2 L of water. Dried GO was obtained by centrifugation followed by dehydration on a rotary evaporator under vacuum.
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Typical procedure for esterification
To a solution of acid (5 mmol) and alcohol (5 mmol) was added GO (5 mg). The resulting mixture was stirred at 90
• C for the indicated time in Table 1 prior to GC analysis. The mixture was filtered and purified with fractional distillation. The spectroscopic data of the obtained esters were compared with those of authentic samples.
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